Aminoglycoside 3'-phosphotransferases [APH(3')s] provide an important means for high-level resistance to neomycin-and kanamycin-type aminoglycoside antibiotics. A four-step purification which affords milligram quantities of homogeneous APH(3') type Ila [APH(3')-IIaJ is described. The kinetic parameters for the turnover of five substrates by the enzyme were determined, and the pH dependence and metal activation for catalysis were investigated. All five cysteines in the amino acid sequence of the enzyme exist in their reduced forms; hence, there are no disulfide bonds in the protein. Modification of the cysteine thiols by S-cyanylation showed essentially no effect on the enzymatic activity. A mutant enzyme derived from APH-3'-IIa, which possesses a conservative Glu-182-Asp point mutation and which provides diminished resistance to G418 (R. L. Yenofsky, M. Fine, and J. W. Pellow, Proc. Natl. Acad. Sci. USA 87:3435-3439, 1990), was also purified to homogeneity. Kinetic Among the enzymes that modify aminoglycoside antibiotics, aminoglycoside 3'-phosphotransferases [i.e., APH(3')s] are commonly found in resistant bacteria (4, 18, 27, 32). APH(3')s catalyze the transfer of the y-phosphoryl group of ATP to the 3'-hydroxyl group of kanamycins, neomycins, paromomycins, neamine, paromamine, ribostamycin, butirosin, and G418. Seven isozymes of APH(3') have been reported in the literature to date (for reviews, see references 4, 18, 28, and 31).
characterized enzymologically, and the roles of metal cofactors and the five reduced cysteine residues were probed in the wild-type enzyme.
Among the enzymes that modify aminoglycoside antibiotics, aminoglycoside 3'-phosphotransferases [i.e., APH(3')s] are commonly found in resistant bacteria (4, 18, 27, 32) . APH(3')s catalyze the transfer of the y-phosphoryl group of ATP to the 3'-hydroxyl group of kanamycins, neomycins, paromomycins, neamine, paromamine, ribostamycin, butirosin, and G418. Seven isozymes of APH(3') have been reported in the literature to date (for reviews, see references 4, 18, 28 , and 31).
In our effort toward a systematic structural and mechanistic analysis of the bacterial aminoglycoside phosphotransferases, we developed a practical purification for APH-3' type Ila [APH(3')-IIa] which affords several milligrams of homogeneous enzyme. Furthermore, we report here on the basic characterization of this enzyme. In addition, we report on the kinetic behavior of a mutant derivative of APH(3')-IIa with a conservative Glu-182-Asp substitution, which conferred a lower level of aminoglycoside resistance in vivo (33) .
MATERUILS AND METHODS
Molecular mass markers and the Bio-Rad protein assay dye reagent concentrate were purchased from Bio-Rad. Kanamycin, neomycin, G418, amikacin, 5,5'-dithiobis(2-nitrobenzoic acid (DTNB), ATP, ADP, phosphoenolpyruvate (PEP), NADH, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), and piperazine-N,N'-bis(2-ethanesulfonic acid (PIPES) were obtained from the Sigma Chemical Co. The cyanylating reagent 2-nitro-5-thiocyanatobenzoic acid (NTCB) was synthesized by the procedure described by Degani and Patchornik (9) . Pyruvate kinase (PK) and lactate dehydroge- * (15) . Spectrofluorometric assays were performed in a Spex Fluorolog spectrometer. Escherichia coli HB101 (pGEME,82) and HB101(pGEMD182), which express the wildtype APH(3')-IIa enzyme and the Glu-182-Asp mutant enzyme, respectively, were produced by Richard Yenofsky of Phytogen (Pasadena, Calif.) by cloning the respective wild-type and mutant genes from pDAE and pDAD (33) into pGEM (Promega) and transforming E. coli HB101 with these plasmids. High-pressure liquid chromatography (HPLC) was carried out with a Perkin-Elmer series 410 Bio LC Pump 6 ,500 x g for 20 min.
(ii) Q-Sepharose fast-flow chromatography. The cleared homogenate was diluted to 100 ml with buffer A and loaded onto a Q-Sepharose fast-flow column (27.5 by 2.6 cm; Pharmacia) which was preequilibrated in buffer A. After the column was washed with buffer A, the enzyme was eluted with a linear gradient of 0 to 0.5 M NaCl in buffer A (500 ml). After completion of the gradient, the column was washed with an additional 250 ml of buffer A containing 0.5 M NaCl. Fractions showing activity were pooled and concentrated to 1.5 ml in an Amicon concentrator.
(iii) Sephadex G-100. (v) Hydroxylapatite chromatography. The resulting concentrate was diluted 10-fold in buffer C and was loaded onto a Bio-Gel hydroxylapatite column (50 by 1.5 cm; Bio-Rad). The column was washed with buffer C, and the protein was eluted with a linear gradient of 10 to 100 mM sodium phosphate (pH 7.0; 300 ml). The fractions with phosphotransferase activity were combined and concentrated in an Amicon concentrator. The buffer was exchanged to buffer A, and the enzyme was stored at a concentration of 10-' M in the presence of 25% glycerol at -78°C. The purified enzyme retained all of its activity for at least 8 months under these conditions.
The Glu-182-Asp mutant of APH(3')-IIa in E. coli HB1O1(pGEMD182) was also purified to homogeneity by the method described above. The activity of the mutant enzyme was unaffected over several weeks when it was stored as described above for the wild-type enzyme.
Polyacrylamide gel electrophoresis (PAGE) and isoelectric focusing. The progress of the enzyme purification was monitored by electrophoresis in a 15% polyacrylamide gel in the presence of 0.1% sodium dodecyl sulfate (SDS). Typically, 30 pg of the protein was loaded in each lane, and staining of the developed gel was performed with Coomassie brilliant blue (Bio-Rad). Isoelectric focusing was carried out by the method described by Suensson-Rilbe (29) . A Novex precast gel (pH 3 to 10) was developed in the cathode buffer (arginine-and lysine-free base) and the anode buffer (85% phosphoric acid) for 1 h at 100 V, 1 h at 200 V, and 30 min at 500 V.
pH dependence of catalysis. The pH dependence of catalytic turnover by APH(3')-IIa was evaluated in the pH range of 5.5 to 9.0. The conditions were similar to those described above. (20 RI) to reduce any disulfide bonds, and the mixture was purified on the same Vydac HPLC column under conditions similar to those mentioned above.
Cyanylation of APH(3')-IIa. All glassware, polyethylene containers, and buffers used in the following experiment were treated as described by Davies et al. (8) for experiments with metal-free solutions. The glassware was treated with 1% nitric acid (12 h) and was then rinsed with 0.01% EDTA (12 h). The polyethylene containers were washed only with 0.01% EDTA (12 h). All buffers were made free of metals by several extractions with 10 mM dithizone in carbon tetrachloride.
The potential roles of the cysteines in the phosphotransferase activity of the enzyme was tested by cyanylation of all thiol groups by NTCB. The enzyme (3.4 mg) was first dialyzed five times against metal-free HEPES buffer (220 mM; pH 7.5) containing 10% glycerol. It was expected that dialysis would remove all low-affinity metals coordinated adventitiously to the protein. A portion of the "metal-free" enzyme (0.56 mg in 475 Pd) was cyanylated with NTCB (25 R1 of a 220 mM stock solution) at 4°C in the buffer mentioned above. Because of the relative instability of NTCB in the buffered solution, a fresh portion of NTCB was added to the reaction mixture every 3 to 4 h. After five additions of NTCB, the excess NTCB was removed by continuous washing on an Amicon concentrator (YM10 membrane); the resultant protein solution was titrated with 1.3 mM DTNB to monitor the extent of cyanylation. The enzyme was discovered to be only partially cyanylated (80%). Subsequently, the partially cyanylated enzyme was treated overnight with six additional aliquots of NTCB, as described above. Removal of small molecules from the solution afforded a protein that had 93% protected thiols. The activity of the cyanylated enzyme was monitored by the spectrofluorometric assay described above.
Importance of metals other than Mg2" for the phospho- transferase activity. The native enzyme was dialyzed over 24 h at 40C against 2 mM 1,10-phenanthroline (two times, with 320 ml each time) in metal-free 10 mM HEPES buffer (pH 7.0) containing 10% glycerol. Subsequently, the solution was dialyzed against the metal-free buffer. The activities of the native enzyme and the metal-free enzyme were assayed by the radioactive [32p]ATP assay outlined above. Metal-free reagents were used in the assay cocktail. Magnesium chloride (containing <0.0001% other heavy metals) was added to the cocktail mixture last.
RESULTS
Enzyme purification. The four-step purification of APH(3')-Ila provided a homogeneous preparation of the enzyme in milligram quantities. The 0-Sepharose ion-exchange step afforded the least purification (fivefold). However, this step eliminated a few protein bands of approximately 30 to 36 kDa that could not readily be separated from the desired protein in subsequent steps (Fig. 1 ). The Sephadex G-100 column affords excellent purification of the enzyme. This column separated many of the protein bands below 30 kDa. The hydrophobic interaction column, phenyl-Sepharose CL-6B, produced a highly purified protein preparation (Fig. 1) 5The error in these activities, as measured by the radioactivity assay, was relatively high.
aspartic and glutamic acid residues in the primary structure, most of which were located in the C-terminal third of the sequence. On the other hand, the total number of basic residues (Arg, Lys, and His) was only 31. This highly acidic nature was reflected by pl of 4.4 in isoelectric focusing. In summary, from 85 g of wet cell paste we obtained 16 mg of the desired protein ( Table 1 ). The Glu-182-Asp mutant enzyme was also purified to homogeneity by using the same purification procedure (data not shown). Kinetic characterization of turnover by APH(3')-lla. We attempted to analyze the mechanism of catalysis by the enzyme by systematically varying the concentrations of each substrate while keeping constant the concentrations of the other substrate. Analysis by construction of secondary plots was inconclusive, and no specific pattern could be discerned.
We attributed this result to a high error rate associated with the fluorescence assay used in these experiments, which was compounded in the process of generation of secondary plots.
The pH dependence of kcat/Km for phosphorylation of kanamycin by the wild-type enzyme is shown in Fig. 2 Effects of S-cyanylation and the metal-free state on phosphotransferase activity. We were able to cyanylate >93% of cysteine thiols. It was hoped that the introduction of the small cyano group to the cysteine thiols would not disrupt the protein structure appreciably, especially if the cysteines were located near the surface of the protein. Activity measurements by the spectrofluorometric assay of the native versus the cyanylated enzyme (3.2 x 10 -7M) showed a roughly 50% decrease in the phosphotransferase activity for the cyanylated enzyme under saturating conditions. These results suggest that the cysteine thiols do not play a critical role in the phosphotransferase activity of APH(3')-IIa. Essentially no difference in activity was noticed for the native and metal-depleted enzyme.
DISCUSSION
Because of the extensive clinical use of aminoglycosides, bacterial resistance to these agents among human pathogens has spread worldwide. A prevalent means of acquired resistance is the catalytic function of APH(3')s. Seven variants of these phosphotransferases have been identified to date (4) .
Understanding of the evolution of such a family of related enzymes and rational design of future aminoglycoside drugs must rely on elucidation of the structure-function relationships and the mechanistic details of such enzymes.
In this direction, we developed a practical means of purifying the prototypic member of this family of enzymes, APH(3')-Ila. Previous reports of the preparation of modest quantities of partially purified APH(3')-IIa have appeared in the literature (14, 19, 24) . Each of those approaches used chromatographic columns in which aminoglycosides were incorporated as affinity column ligands. We achieved poor purification with affinity columns produced both by incorporating paromomycin and kanamycin A individually onto cyanogen bromide-activated CH-Sepharose 4B and by incorporating on Affigel the dye Cibacron blue as an affinity ligand, which typically binds to nucleotide-binding proteins. Therefore, we resorted to standard chromatographic procedures, and a successful purification sequence that afforded several milligrams of the homogeneous enzyme was developed.
With our homogeneous preparation of the APH(3')-IIa, we were able to characterize the pH profile of catalysis and analyze the effect of metal ion activation. The small effect of pH on kcat indicated marginal consequences on active-site groups that are significant as acid-base catalysts. On the other hand, the K,,, for kanamycin was minimal at pH 7.0, with a greater rise at a pH of >7.5 than at a pH of <6.5. One interpretation of these results is that substrate, or an active-site residue involved in binding with the substrate, undergoes titration at the basic limb of the pH profile, whereby substrate binding to the active site is impaired. The effect of protonation on substrate binding to the enzyme is much less at acidic pHs. An alternative explanation is that the two amino acids that undergo titration during catalysis-or a collection of titratable functions-are undetected by the kcat measurements as a function of pH because either a crucial protein conformational change during turnover or product dissociation is rate-limiting. (4, 18) , with the homology increasing to 60 to 70% in the C-terminal third of the sequence (7) . An analysis of conserved motifs in the protein sequence (18) Consistent with our interest in a systematic analysis of the structure and mechanism of APH(3')-IIa, we decided to examine the roles of the five cysteine residues present in the primary structure of APH(3')-IIa. Of these, Cys-144 was fully conserved in all APH(3')s. While Cys-207 was present in APH(3') types II, IV, and V, the remaining three cysteines in APH(3')-IIa, at positions 35, 86, and 226, respectively, are not conserved among other APH(3')s. Two (23) point to an intracytoplasmic location of APH(3')-IIa in E. coli, although a loose association with the plasma membrane has not been ruled out. Since the enzyme may be compartmentalized, one does not know the effective concentration of ATP to which it is exposed; a lower local concentration may explain the observed resistance conferred by the Glu-182-Asp mutant enzyme in vivo.
Sequence alignment of a number of phosphotransferases from bacterial, viral, and mammalian sources, including bacterial APH(3')s, indicated that the C-terminal portions of these enzymes show some homology (7). Brenner (7) suggested that this region in these proteins is involved in a common function, namely, binding to ATP. We note that residue 182 of APH(3')-IIa is near this region in the primary structure, which starts from residue 185. Analysis of potential secondary structural elements in the structure of APH(3')-IIa by the method of Garnier et al. (12) We feel compelled to emphasize that a more definitive answer on the role of Glu-182 must await additional structural information. This caution is especially prudent in light of the crystal structure reported recently for the Glu-43-Asp mutant of staphylococcal nuclease (17) . Those workers reported that the seemingly conservative mutation of Glu to Asp significantly perturbs the structure of the enzyme, giving rise to a less extensive network of bound water molecules in the active site. Apparently, the side chain of Asp-43 in the mutant is not long enough to reach into the active site to maintain the network of hydrogen-bonded water molecules. Otherwise, these changes caused by the mutation are considerably more drastic than would have been expected.
